of Tctex-1 (t complex testis expressed-1), which had
of the IS, supporting the notion that cytoplasmic dynein is involved in the vectorial transport of post-Golgi vesicles bearing rhodopsin in vivo. Finally, several naturally occurring C-terminal rhodopsin mutants have markedly reduced affinities for Tctex-1, which may explain the mistargeting of these mutant rhodopsins in photoreceptors.
Results

Isolation of Tctex-1, a Cytoplasmic Dynein Light Chain, by Interaction with the Carboxy Terminus of Rhodopsin
We searched for proteins that interact with the C terminus of rhodopsin using the yeast two-hybrid system. A bait construct encoding a fusion protein containing a triple repeat of the C-terminal 39 residues of human rhodopsin was used to screen a bovine retinal cDNA Figure 2C , lanes 1 and 2) and with high specificity. Rhodopsin-containing membrane GST ( Figure 2C , lanes 3 and 4) were loaded as confirmed vesicles associate with microtubules, both biochemiby Coomassie blue staining of a duplicate gel, despite cally and functionally, via cytoplasmic dynein in a Tctexsome degradation of GST-Tctex-1 ( Figure 2C , lanes 1 1-dependent manner. We conclude that rhodopsin is and 2). an integral membrane cargo receptor for cytoplasmic dynein and that this interaction occurs via the light chain Tctex-1. This represents a novel mode of dynein-cargo Naturally Occurring Carboxy-Terminal Rhodopsin Mutations Abolish Tctex-1 Association interaction in which a DLC directly binds to a cargo molecule receptor located on membrane vesicles. ImPrevious reports showing that C-terminal rhodopsin mutants failed to localize efficiently to the rod OS prompted munoelectron microscopy of photoreceptors shows that Tctex-1 is associated with rhodopsin-bearing memus to determine whether this defect might result from a reduction in affinity for Tctex-1 and hence inefficient brane vesicles and is present at the apical membrane In the cosedimentation assay, rhodopsin-bearing vesicles preincubated with purified rat brain cytoplasmic dynein were briefly incubated with Taxol-stabilized microtubules assembled from purified tubulin. The microtubules and associated materials were then pelleted by centrifugation through a sucrose cushion to separate them from unbound vesicles, which floated at the interface. The presence of rhodopsin in the resulting microtubule pellet was analyzed by SDS-PAGE and immunoblotting.
We found that rhodopsin-bearing vesicles cosedimented with microtubules in the presence of cytoplasmic dynein ( Figure , 1996) . However, the ability of cytoplasmic dynein to mediate a wide range of activities suggests that it may have specific docking mechanisms for specific types of cargo. Our present results reveal that rhodopsin not only directly interacts with Tctex-1 but also functionally associates with cytoplasmic dynein and its motor activity. Furthermore, we find that the interaction of cytoplasmic dynein with its cargo can be quite specific. We propose, therefore, that the interaction be- . Although we found that the no Tctex-1 reactivity above background was seen in dynein-dynactin interaction is not absolutely necessary the photoreceptor OS or in the connecting cilium itself for dynein to bind stably to rhodopsin-bearing vesicles, ( Figure 7A) . it must be stressed that this result does not exclude Double labeling of Tctex-1 and rhodopsin revealed a role for dynactin in promoting vesicle motility or in striking colocalization of the two proteins in the IS of strengthening dynein-vesicle or dynein-microtubule inrod photoreceptors (Figures 7B and 7C, arrowheads) .
teraction. It is conceivable that the binding of cytoplasmic dynein to any given cargo organelle or vesicle This finding is evidence that cytoplasmic dynein/Tctex-1 ., 1996) , has prompted speculation that they
The lack of significant Tctex-1 labeling in the photoremediate binding to different cargoes. Tctex-1 itself has ceptor OS and the accumulation of Tctex-1 at the base five known relatives (King et al., 1996b) , at least one of of the connecting cilium as seen by immunoelectron which, RP3, is also a DLC (King et al., 1998) but does microscopy suggest that the interaction between cytonot bind to the C terminus of rhodopsin. This raises the plasmic dynein and rhodopsin-bearing vesicles is reguinteresting possibility that Tctex-1-related DLCs also lated. We hypothesize that rhodopsin is released from mediate binding to as yet unidentified dynein receptors dynein/Tctex-1, perhaps by dynein posttranslational modidistinct from those that bind to Tctex-1. fication, prior to its passage through the connecting The known diversity of dynein subunit isoforms, as cilium. Soluble Tctex-1/dynein is prevented from reachwell as our finding (Tai et al., 1998) that dynein subunits ing the OS, since the polarity of axonemal microtubules may not all be assembled into complexes at steady in the connecting cilium is reversely oriented ( Figure 1A ) state, implies that there must be heterogeneity in the and/or because the connecting cilium appears to be a composition of dynein complexes. Understanding this diffusion barrier (Spencer et al., 1988) . Moreover, alheterogeneity and its regulation may be important for though Tctex-1 has been identified as a flagellar inner understanding how dynein is able to mediate a wide dynein arm component ( in PEM plus 0.5 mg/ml soybean trypsin inhibitor, and briefly resonicated.
Experimental Procedures
Microtubule Cosedimentation Assay Rat brain cytoplasmic dynein was purified and fractionated by suRetinal cDNA Library Construction and Two-Hybrid Screening crose density gradient centrifugation exactly as described in Collins A bait plasmid (pDB-Rho39Tr) was generated by fusing a triple reand Vallee (1989) . The purity of the cytoplasmic dynein preparation peat of the last 39 amino acids (aa310-aa348) of human rhodopsin was confirmed by SDS-PAGE/Coomassie blue staining of sucrose to the GAL4 DNA-binding domain (GAL4-DB) in the pAS2 vector gradient fractions. The activity of each fresh dynein preparation was (Chuang and Sung, 1998). A bovine retinal two-hybrid cDNA library checked by a microtubule gliding assay (Paschal et al., 1987; Hyman, constructed using oligo-dT primed, bovine retinal cDNAs direction-1991). Dynein absorbed to a coverslip bound microtubules at high ally inserted downstream of the GAL4 transcriptional activation dodensity, and all of these microtubules were seen to move continumain (GAL4-AD) was transformed into yeast strain Y190 containing ously and unidirectionally at rates of ‫2.1-5.0ف‬ m/s upon addition the pDB-Rho39Tr bait. Colonies that grew on His Ϫ /25 mM 3-aminoof ATP. triazole medium were assayed for ␤-galactosidase activity by a filter Tubulin was also purified from rat brain and polymerized into assay (Breeden and Nasmyth, 1985). Plasmids isolated from primary microtubules (Collins and Vallee, 1987). Microtubule-associated positives were retransformed into Y190 yeast in conjunction with proteins were removed during purification prior to microtubule diseither pDB-Rho39Tr or a number of control baits consisting of irreleassembly by incubation with 0.5 M NaCl for 10 min at room temperavant sequences fused to the GAL4-DB and tested for growth on ture (RT) followed by centrifugation to sediment the microtubules. His Ϫ medium and ␤-galactosidase activity. The purified tubulin was at least 95% pure on SDS-PAGE/Coomassie blue staining. For the cosedimentation assay, rhodopsin-bearing vesicles (50 Constructs and Bacterial Fusion Protein Production The MBP-Rho39Tr construct was previously described (Chuang and ng total protein) in PEM were first incubated with 0.5 g of purified cytoplasmic dynein at RT for 1 hr. For competition experiments, 1.9 Sung, 1998). MBP-Rho39 variants containing RP mutations (P347L, P347S, V345M, and Q344ter) were constructed from a series of g of purified GST-Tctex-1 or 1.3 g of GST (100-fold molar excess over dynein) was also included. The vesicle-dynein mixture was then rhodopsin cDNAs bearing the corresponding amino acid changes (Sung et al., 1991b (Sung et al., , 1993 . The control bait pDB-1 was generated added to 25 g of Taxol-stabilized microtubules for an additional 10 min at 30ЊC. Finally, the microtubule-vesicle-dynein mixture was by inserting a PCR fragment encoding the second cytoplasmic loop of rhodopsin (aa135-aa153) into the pAS2 vector. The full-length layered over a cushion of 1 M sucrose in PEM/Taxol buffer and centrifuged in a TLS55 rotor (Beckman, Palo Alto, CA) at 40,000 ϫ rp3 sequence was PCR amplified from a human retinal cDNA library and inserted into pACTII to generate GAL-AD-RP3. The sequences g for 30 min at 30ЊC. The pellet was resuspended in SDS sample buffer, separated by SDS-PAGE, and immunoblotted with the antiof all DNA inserts generated from PCR reactions were confirmed by sequencing. The constructs expressing GST-Tctex-1 and MBPrhodopsin mAb B6-30 and Tctex-1 antibody (Tai et al., 1998) . Rat brain cytosolic extract was prepared as described in protocols Tctex-1 and the production of the corresponding fusion proteins were previously described (Tai et al., 1998) .
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